Introduction
Competition for water and nutrients between plants in arid environments is intense (Gibbens and Lenz 2001) , resulting in the need to maximize access to soil water while minimizing the cost to the plant in terms of root biomass allocation (Gries et al. 2003) . The root system architecture has a significant influence on patterns of soil water utilization by trees and ultimately canopy transpiration (Ong et al. 2002) . One way in which plants have been shown to improve access to limited soil water resources is through hydraulic redistribution (HR) (Burgess et al. 1998) , which describes transport of water via roots along water potential gradients from wetter to drier parts of the soil profile (Richards and Caldwell 1987) . This usually occurs nocturnally when reduced transpiration results in the root water potential (ψx) in dry soil layers rising above the water potential of the surrounding soil (ψ s ) (Hultine et al. 2003) . The root system may traverse multiple soil layers of differing moisture content. The ability of a tree to relocate water from one soil horizon to another or even one location to another within a particular soil horizon has been reported in a number of species around the world (Burgess et al. 1998 , Meinzer et al. 2001 , Scholz et al. 2010 . A 1998 review reported that HR had been confirmed in 27 species of grasses, herbs, shrubs and trees ), but noted that the phenomenon was likely to occur wherever plants experienced gradients in soil moisture between different parts of the root system.Hydraulically redistributed water has been shown to increase annual water use in a sugar maple (Acer saccharum) forest by 19-40% , while reductions of 25-50% in transpiration were recorded on days following experimental circumvention of hydraulic lift in Artemisia tridentata (Caldwell and Richards 1989) . Hydraulic redistribution has also been shown to add the equivalent of 0.7 mm day −1 of water to the upper 1 m of soil (Scholz et al. 2010) .
Measurements of stable-isotope ratios of water extracted from stems and, in some studies, soils are increasingly being used to study HR in field-growing plants (Costelloe et al. 2008 , Scholz et al. 2008 . The majority of investigations that have discussed the proposition of efflux of water from roots following HR have used root sap flow results and either natural differences in deuterium concentrations (e.g., Thorburn et al. 1993 , Burgess et al. 2000b , Costelloe et al. 2008 or surface irrigation with deuterium-enriched water (Brooks et al. 2002 , Smart et al. 2005 to trace water movement from soil to roots to soil. One study exposed roots at 1.2 m below ground level and inserted the exposed roots into vials containing deuteriumenriched water (Caldwell and Richards 1989) , and another study injected deuterium directly into the stem xylem (Schultze et al. 1998) . The study described here is the first to deep-irrigate undisturbed roots with deuterated water.
Although HR seems more prevalent in arid zone species , little work has been done on arid zone eucalypts. Specific information on the relative ability of species to redistribute water will not only improve our understanding of the water balance of plant communities but is also relevant to understanding its potential value as an adaptive trait (Espeleta et al. 2004 ). An improved understanding of the fate of the water moved by the root systems of E. kochii subsp. borealis will inform the modeling of water use by stands of these trees as part of an agricultural system that will in turn improve the prediction of their impacts at the catchment scale.
The main aim of this study was to confirm through the tracking of deuterium that hydraulic lift previously documented in this species was indeed resulting in efflux of xylem water into the upper rhizosphere. A second objective was to quantify the volume of water moved in this way by monitoring soil moisture changes. We hypothesize that there are considerable levels of efflux into soils of relatively less negative water potential when large potential gradients occur between soil layers occupied by the root system and this will result in significantly higher soil moisture content under the trees relative to the adjacent field.
Materials and methods

Study site
The study site was ~30 km southeast of the town of Coorow in Western Australia (30°02′28″S, 116°13′00″E). In 1999, E. kochii subsp. borealis (C. Gardner) D. Nicolle was planted in two-row belts oriented north-south to reduce erosion of the sandy soil by the prevailing winds. E. kochii is a mallee form (multi-stemmed) eucalypt native to this area. Within the belts the rows were planted 2 m apart, and within rows trees were also 2 m apart. The belts were established ~110 m apart. The site has a dry Mediterranean-type climate with a long-term (100-year) mean annual rainfall of 380 mm, 79% of which falls between May and October. Long-term (100-year) average Priestley-Taylor evapo transpiration peaks at ~350 mm a month in the dry season and reduces to ~70 mm a month in the wet season. Long-term average total annual evapo transpiration is 2285 mm. The soils are 4-6 m of pale yellow sands consisting of 80% quartz with the remainder goethite and kaolinite. This overlies a relatively impermeable granitoid saprolite or silcrete (George 1992) . Relatively fresh groundwater (electrical conductivity of <500 mS m −1 ) is perched above the silcrete at varying depths below the soil surface, and for different durations throughout the year.
In February 2005, a study plot was established mid-slope within one of the tree belts at a location where the groundwater surface was 10-20 cm above the silcrete layer and 4.5 m below the soil surface (Figures 1 and 2 ). The mean height of the eight trees in the study plot was 1.91 m; each tree had an average of three stems and the mean stem diameter across all trees in the plot was 5.9 cm. Water table depth was monitored using a piezometer tube inside the study plot. This tube was slotted for the bottom 1 m, allowing water in the saturated zone to move in and out of the tube. 
Root sap-flow
Heat ratio method sap flow probes (Burgess et al. 2001b) were installed in two tap roots and two lateral roots in each of four trees in the study plot. One stem was also instrumented to assess the impact of the irrigation on transpiration. The probe sets were connected via 10-m cables to an AM16/32 multiplexer and a CR10X datalogger (Campbell Scientific Inc., Logan, UT, USA). Thermocouple circuits were differentially wired to minimize electrical noise (Burgess and Dawson 2004) and heater probe circuits were connected to a distribution strip mounted in the multiplexer enclosure. Power was supplied via a sealed lead/acid battery which was recharged daily through a solar panel. A detailed description of the probe installation can be found in Burgess et al. (2000a) .
The heat ratio method of calculating sap velocity was used because it can detect low and reverse flows (Burgess et al. 2001a (Burgess et al. , 2001b . Two temperature sensor probes were inserted into the xylem 5 mm upstream and downstream from a heater probe. Sixty seconds after a 2-s pulse of heat, the temperature change in the upstream and downstream probes was recorded every second for 40 s. Heat pulse velocity (V h ) was then calculated after Marshall (1958) :
where k is the thermal diffusivity of wet (fresh) wood, x is the distance from the heater probe to each temperature probe, and V 1 and V 2 are the increase in temperature recorded downstream and upstream, respectively. Sap flux density was calculated from heat pulse velocity data after taking into account probe misalignment, wounding, wood density and sapwood area as described in Burgess et al. (2001a) . In roots, flow towards the stem will subsequently be referred to as basipetal and reverse flow as acropetal flow after Burgess et al. (2001a Burgess et al. ( , 2001b .
Half-hourly sap flow measurements were made on the four trees ( Figure 2 ) for 5 weeks, from 21 February to 24 March 2005. The nearest monitored tree was 1.2 m and the furthest was 7.1 m from the piezometer. To install monitoring equipment in roots, a small volume of soil was excavated using an airspade ® series 2000 (Concept Engineering Group, Verona, PA, USA), and roots were instrumented close to the lignotuber. After sap flow equipment was installed, the excavation was covered with a layer of insulation to minimize the amount of light and heat affecting the exposed roots and probes.
Irrigation
One day after the sap flow monitoring equipment was installed, 900 l of fresh water (sourced from the Coorow town water supply, deuterium isotope composition −17.8‰) was trickled into the piezometer at a rate of ~50 l h −1 . Care was taken to irrigate extremely slowly to avoid a large localized rise in the water table. The water level in the piezometer was monitored to ensure the water level did not rise above 4 m. Sap flow traces were then monitored to ensure added water was being accessed by the instrumented trees by observing changes in sap flow patterns prior to, and immediately following the irrigation events.
On 9 March 2005, 900 l of water with a deuterium isotope composition (or δ 2 H) of 957‰ was trickled into the piezometer at the same rate. At the time of irrigation, there was ~0.1 m of groundwater above the silcrete. Two hours after the completion of each irrigation, the water level was 0.15 m. Fourteen days after deep irrigation with deuterated water, we collected samples of surface soil and xylem water from trees close to the irrigation point. The sampled trees were completely covered in black plastic in the evening to minimize transpiration, and sampling was done early the next morning. Although reducing transpiration may have increased the rates of HR (Bucci et al. 2004 ) resulting in an increase in the volume of water in the soil surrounding the surface roots, our aim was to confirm the presence or absence of redistributed water in the soil; if transpiration had continued, sap flow in lateral roots may have removed any redistributed water from the surface soil.
Hydraulically redistributed water in a eucalyptus species 651
A total of 30 soil samples were collected adjacent to roots of trees 3 and 4 and placed in airtight plastic vials. Two different methods were used to collect soil samples in an attempt to reduce the possibility of fine roots being included in the samples. Half of the samples were collected as intact soil aggregates, and half were collected by brushing loose soil directly into the vials. A total of eight sections of roots (near the surface) and eight stems were excised from trees 3 and 4, and sufficient xylem water was extracted for analysis (1-3 ml) using a manual handheld vacuum pump developing a vacuum of 625 mmHg (Kartell, London, UK) and also stored in airtight plastic vials. A duplicate set of soil and xylem water samples was collected from a control plot in an adjacent tree belt ~100 m away from the irrigated plot. Although extraction of xylem water by a vacuum pump introduced the possibility of some enrichment being caused by evaporation, this was accounted for by comparison with root xylem water collected from the control plot. Similarly, while evaporation may have caused some enrichment of δ 2 H in collected soil samples this would have occurred in samples from both the irrigated and control plots.
The vials holding the samples were stored on dry ice for transport to the laboratory. Water was extracted from soil samples by vacuum distillation. Water samples were reduced to hydrogen gas for analysis and δ 2 H values of the extracted soil water as well as the sap samples were determined by using a gas phase mass spectrometer. To convert water samples to hydrogen, granulated zinc reactant (0.4 g) was dried by heating under vacuum and placed in a Vycor reaction tube backfilled with nitrogen gas. A 0.2-μl aliquot of sample was added and then frozen with the catalyst by immersing the tube in liquid nitrogen. The nitrogen gas was then evacuated from the reaction tube and the tube sealed before heating at 500 °C for 1 h. Isotope ratios were measured on a VG SIRA 9 mass spectrometer (Isotech, Middlewich, UK) located in the Botany Department, Faculty of Natural and Agricultural Sciences at the University of Western Australia. Results are expressed in standard delta notation (δ 2 H) in parts per thousand (‰) relative to Vienna Standard Mean Ocean Water (V-SMOW), where δ 2 H = ((R sample /R V-SMOW ) − 1) × 1000‰ and R is the molar ratio of heavy to light isotope ( 2 H/H) with 2 H being deuterium and H hydrogen (Sternberg et al. 2002) . Precision of the analysis is estimated to be ±1% for δ 2 H (Farrington et al. 1996) . A twosample nonparametric (Mann-Whitney U) test was used to test for significant differences between treatments and control samples in relative δ 2 H compositions using Genstat V12 (VSN International Ltd).
Soil water status
Surface soil water content was monitored from 10 March 2005 to 26 March 2005 both in the tree line close to the canopy and 10 m away from the tree line in the adjacent field. Three CS615 frequency domain reflectometry (FDR) probes (Campbell Scientific Inc.) were installed 0.15 m below the soil surface in each of the two positions. The equipment was installed by digging a small hole to allow the probes to be pushed horizontally into undisturbed soil. The holes were then back-filled with the removed soil. All six probes were wired via 10-m cables to an AM16/32 multiplexer and a CR10X datalogger (Campbell Scientific Inc.). Measurements were taken at 15-min intervals for the duration of the study. Thermocouples were placed adjacent to each FDR to monitor soil temperature.
Soil water content was also assessed using a neutron moisture meter (NMM; California Pacific Neutron, Pacheco, CA, USA). To install the access tubes, holes were drilled down to the silcrete, and a 50-mm PVC pipe, capped at the end, was inserted into each hole. The holes were then back-filled around the pipe and bentonite was applied to reduce the chance of seepage around the pipe. A total of seven access tubes were positioned in a transect perpendicular to the tree belt and spacing was based on the average tree height of 2 m. The first tube was positioned between the two tree rows, the second on the drip-line of the belt, and then at 1, 2, 3 and 4 tree heights from the belt. A final access tube was positioned midway between tree belts ~55 m from the plot. Soil water content measurements were taken at depths of 0.1 m, then at intervals of 0.2 m down to 1.5 m, and at intervals of 0.5 m down to 4.5 m. Neutron count ratios measured using the probe were converted to a volumetric soil water fraction by calibrating against measurements of soil cores collected adjacent to the access tubes at the end of the project. Neutron moisture meter data were collected the day before (21 February 2005) and the day after (23 February 2005) the first irrigation, and changes in soil water content with depth and lateral distance from the tree belts were summarized by kriging (interpolating) the data for each hole to form a two-dimensional soil moisture profile using the statistical package R V 2.10.0 (R Development Core Team 2009). There was no difference between the two sets of measurements, so only one is shown.
Results
An increase in nocturnal sap flux density of almost 10 mm 3 mm -2 h −1 was evident in roots of trees close to the irrigation point the night after both irrigation events on 22 February 2005 and 9 March 2005, indicating that the tree roots were taking up water from deep in the soil profile. Nocturnal acropetal flow in lateral roots and basipetal flow in tap roots increased for the 3 days following each event, and then decreased to pre-irrigation levels after a further 7 days (Figure 4) . No response to the irrigation in nocturnal flow rates was recorded in trees 1 and 2, which were further from the irrigation point, although these trees did respond to a significant rainfall event on 28 March 2005 by moving water down tap roots for a number of days following the rain ( Figure 5 ).
Two weeks after irrigation with labeled water, deuterium composition that differed significantly (P = 0.013, MannWhitney U test, N = 59) from control samples was recorded in root and shoot xylem water of tree 3. Enrichment was also observed in the surface soil surrounding this tree ( Figure 6 ) while δ 2 H of xylem water samples collected from tree 1, which was 7.1 m away, was not significantly different (P = 0.05) from controls. Deuterium composition values of soil samples collected as intact aggregates were not significantly different (P = 0.05) from those collected by the brushing method, so all soil treatment sample results were combined and are presented in a single figure.
Further evidence for water efflux from roots is provided by diurnal variations in soil moisture near trees. Soil moisture decreased during the morning, and rose again in the afternoon and at night in both monitoring positions, but fluctuated more widely under the trees than out in the field (Figure 7 ). Daily increases in soil moisture under the trees averaged ~0.0073 m 3 m −3 whereas in the field the daily change was ~0.0023 m 3 m −3 , suggesting that ~0.005 m 3 m −3 was attributable to the trees. Assuming that these moisture variations occur from 0 to 0.3 m depth, this represents a nightly increase of 1.5 mm of rainfall equivalent.
Diurnal patterns of soil moisture show that the soil moisture under the trees decreased earlier in the morning and increased earlier in the afternoon than in the adjacent paddock. Soil moisture started to decline at the same time that lateral root sap-flow became positive, and soil moisture rose again ~3 h after lateral root flow became negative (Figure 8 ). There was no phase shift Hydraulically redistributed water in a eucalyptus species 653 between the tree line and field soil temperatures. Daytime soil temperature reached similar maxima at ~13:00 h in each position, but soils were up to 4 °C cooler under the trees at night. Minimum soil temperatures were reached between 400 and 500 h. Maximum soil temperatures corresponded to minimum daily soil moisture content and minimum soil temperatures corresponded to maximum daily soil water content.
Water use by the trees resulted in a steep gradient in soil moisture content at 3-4 m depth below the tree belt (Figure 9 ). The influence of the trees on soil moisture appears to extend below 4 m vertically and over 6 m horizontally.
Discussion
High rates of reverse flow were observed during the night in lateral roots, confirming that E. kochii subsp. borealis was redistributing water via course roots. Hydraulic redistribution of this kind has been demonstrated for many tree species. The real contribution of this paper lies in the detection of water redistributed from depth in the surface soil. Our results suggest that when its deep roots are located in moist soil, E. kochii subsp. borealis redistributes substantial quantities of groundwater to the soil surrounding surface roots. The tree belt affected soil water content to a depth of 4 m ( Figure 9 ). The use of water from deep in the soil profile was also evident in high daytime sap flow rates in tap roots throughout the study and was further supported by significantly higher δ 2 H values in the stem xylem water of irrigated compared with control trees. This is consistent with earlier work (Wildy et al. 2004; Robinson et al. 2006 ) that showed that mallee Eucalyptus species extract water to depths of up to 10 m at 7 years after planting.
Increases in root sap flow rates and surface soil moisture under the tree belt suggest that hydraulic lift and efflux of water occurred when upper soil layers were dry. The reversal of night-time flow direction in the tap roots of all monitored trees in response to rainfall on 28 March 2005 provides further evidence that HR is driven by water potential gradients. This phenomenon is common in environments where rainfall is seasonal, causing soil water potential gradients to build up within the root zone, and indeed has been reported in similar situations in Australia and elsewhere (Schultze et al. 1998 , Burgess et al. 2001a , Ryel et al. 2004 .
Sap flow responses to the irrigation event were stronger closer to the irrigation point. Immediately after irrigation nocturnal acropetal flow in lateral roots increased, while nocturnal basipetal flow increased in tap roots in the trees adjacent to the irrigation point, indicating that the irrigated water was available to the deeper roots of these trees and was redistributed from deep soil towards the extremities of the surface roots. The lack of response to irrigation recorded in tree 1 (7.1 m from the irrigation point) indicated that this tree was beyond the extent of the irrigation effect; however, the reversal of sap flow direction in a tap root of this tree following the rainfall event on 28 March 2005 ( Figure 5 ) illustrates that this tree was responsive to changes in soil moisture gradients. This downward flow of water in the tap root following rainfall has been noted previously in Eucalyptus camaldulensis and Eucalyptus platypus by Burgess et al. (2001a) , who postulated that this led to an increase in water availability for a number of weeks following rain. It has also been proposed as a method of water conservation by trees in arid environments by spreading out water more uniformly in the soil column at lower water potentials (Ryel et al. 2004) . Water redistributed by mallee belts in this way is likely to reduce soil evaporation losses particularly following summer rainfall events by reducing surface soil moisture, and increasing the long-term water availability for the tree by sequestering the redistributed water at depth. The significantly higher δ 2 H levels found in the irrigation treatment soils relative to soil from the control plot show that efflux occurred following deep irrigation. This is evidence not only of HR, but of water efflux from roots into dry soils. As this study was primarily intended to show efflux of water from roots following HR, and because of sample analysis cost constraints soil samples were collected where we felt it was most likely that efflux of the deuterated water would appear, which was close to the tree showing the most marked response to the irrigation in its sap flow patterns. Consequently, while the results do show evidence of a different isotopic signature, the magnitude of the difference is not a good measure of the importance of the effect, as it is based on non-random sampling at a single point in time. While efflux of xylem water into surrounding soil has been documented using deuterated water in a number of species and environments around the world (Schultze et al. 1998 , Brooks et al. 2002 , Sternberg et al. 2002 , Smart et al. 2005 , Scholz et al. 2008 , this is the first time that deuterated water has been added at depth and the natural process of redistribution in an upward direction has been allowed to proceed without the need for excavation and root disturbance. This technique can be recommended as a way of adding labeled water at depth without introducing artifacts associated with alternative methodologies that involved disturbance of the fine feeder roots or direct injection of labeled water into the xylem tissue. Although we were careful to ensure no fine roots were included in the soil samples collected, it is possible that some of the water extracted from the soil was contained within arbuscular mycorrhiza. There is evidence that fungal associations may assist in water uptake by trees in drought conditions (Haselwandter and Bowen 1996, Di Pietro et al. 2007) , but the density of extra-radical hyphae reported for similar soils (Tibbett et al. 2008) suggests that the contribution to soil water content contained within the mycorrhiza would be minimal.
The larger amplitude of soil moisture changes under the trees relative to the adjacent field measured by FDR as well as the phase shift in these diel soil moisture cycles contributed Hydraulically redistributed water in a eucalyptus species 655 further evidence that surface soil moisture fluctuations were affected by the presence of trees. Diurnal fluctuations in soil water potential related to efflux following HR were previously demonstrated using thermocouple psychrometer (Ludwig et al. 2003) and frequency domain capacitance techniques (Brooks et al. 2002 , Warren et al. 2007 ). The calculated nightly soil moisture change under the trees of 1.5 mm are large compared with those reported in the literature such as 0.7 mm in a neotropical savannah (Scholz et al. 2010 ) and 0.19 mm in coniferous forest (Brooks et al. 2002) ; this may be due to the effect of the presence of free water at 4.5 m and the deep irrigation. The reduction in surface soil moisture coincided with the time that sap flow in lateral roots became positive (Figure 8) , and the earlier increase in surface soil moisture in tree line soils compared with field soils was consistent with water exudation following HR. A lag of ~3 h between the reversal of sap flow direction (i.e., sap starts flowing in the acropetal direction) and the increase in soil moisture (Figure 8 ) is most likely due to refilling of roots before efflux occurs. The duration of the lag concurs with that found by Fisher et al. (2007) , who calculated that it took 3 h to refill stems of an oak and a pine species after dusk. Although the lateral roots are considerably smaller than the trunk of a mature oak or pine tree, the refilling of the roots appears to begin at ~13:00 h when the tree was still transpiring (data not shown) so refilling is likely to have been slower as the transpiring leaves acted as a competitive 'sink' for the water sourced deeper in the soil profile.
Relative hydration of surface soils has been identified as potentially playing a role in stomatal control though either the production of abscisic acid or direct hydrostatic signals (Caldwell and Richards 1989, Whitehead 1998 ). This suggests that rehydration of surface soils through efflux following HR may help keep stomata open, and thus facilitate an increase in the amount of water use from the water table, similar to the stomatal response to surface irrigation noted by (White et al. 1996) in Eucalyptus globulus and Eucalyptus nitens. A previous quantitative study of HR found that the daily increase in transpiration attributable to HR was as much as 20% when deeper roots had access to water (Ryel et al. 2002) . While it is generally accepted that HR and associated efflux is a passive process , Meinzer et al. 2001 , the process confers a range of advantages and liabilities. While a number of studies have mentioned the importance of efflux of water from surface roots to mobilize nutrients for use by the tree (Caldwell and Richards 1989 , Ryel and Caldwell 1998 , Scholz et al. 2006 , and others have discussed the increased ability to maintain viability of surface roots and mycorrhizal symbionts during periods of drought (Dawson 1993 , some of the redistributed water is likely to be lost to other plants (Emerman 1996) or to evaporation. However, the loss of water through efflux to evaporation may be tolerable given the competitive advantage gained through faster growth facilitated by improved access to nutrients and higher overall water use.
Conclusions
Significantly higher levels of soil moisture were recorded under the trees relative to the adjacent field, and a significantly higher deuterium signal was found under the irrigated trees relative to the control plot trees. These findings may have ecological and management implications for tree planting in dryland agricultural zones. The observed extraction of water to a depth of 4.5 m provides further evidence that mallee eucalypts have an extensive vertical impact on soil moisture content as described in Wildy et al. (2004) . This adaptation would be likely to confer a significant competitive advantage over shallower rooted species in the ecosystem they occurred in naturally. The ability to use deep soil water to moisten surface soils and mobilize nutrients would permit some level of de-coupling from a reliance on annual rainfall patterns and may provide the means for continued growth during periods of extended drought. However, when planted in belts surrounded by annual crops, the consequential development of large areas of surface roots in soils that are bare for much of the year is likely to result in substantially higher volumes of water lost to evaporation following hydraulic lift relative to the natural ecosystem.
